The foot loading Characteristics of 100 consecutively attending amputees wearing their definitive prostheses were studied during their routine visits to the Artificial Limb and Appliance Centre. Results were compared with observations on 100 age and sex matched controls who were free from any locomotor disability. The parameters measured were the percentage of body weight borne on each foot, the positions of the centres of pressure undcr each foot and the position of the overall centre of foot pressure. The results demonstrate the range of variability of these parameters in normal subjects of different ages and provide preliminary indications of the patterns associated with different types of prostheses and different levels of amputation. The information was collected using the Double Video Forceplate (DVF) a tool developed for the rapid assessment of stance, at University College London Bioengineering Centre. It is proposed that the DVF may be useful in assisting prosthetic alignment, in clinical teaching of prosthetists, physiotherapists and doctors and in monitoring of patients with lower limb amputation.
Introduction
To attain good function, the lower limb amputee must strive to achieve a pattern of Standing and walking that approaches normality (Murdoch, 1969) . His success in this will depend upon effective and pain free transference of body weight through the stump to the socket, as well as upon optimum alignment of the prosthetic limb. Achieving an even distribution All correspondence to be addressed to Dr. G . D. Summers, Mary Marlborough Lodge, Nuffield Ortho aedic Centre, Headington, Oxford OX3 7LD.
Unitel Kingdom.
of body weight between the limbs during standing is especially important for the elderly vascular amputee to prevent the deleterious effects of excessive load upon the remaining limb. When interpreting the foot loading pattern of an amputee it is necessary to bear in mind the range of variation in weight distribution between the feet in subjects free from locomotor disorders. This has been determined for a group of predominantly young males (Murray et al, 1975) but not for more elderly subjects. The positions of the centres of pressure under each individual foot are important determinants of stance. These are henceforth referred to as the individual centres of foot pressure (ICFP). In the "ideal" symmetrical subject the left and right ICFP should be in identical positions within the respective foot outline. The patterns of these individual central foot pressures has not been systematically studied in normal subjects although preliminary data indicates that the ideal situation is true on average (Lord and Smith, 1984) . When asymmetry is caused by amputation or deformity the position of the centres of pressure of the feet will be altered with respect to one another according to the type of deformity or the alignment of the prosthesis (Lord and Smith, 1984) . The forward shift of one ICFP will then cause a corresponding backward shift of the contralateral ICFP. A straight line joining the two ICFPs will pass through the overall centre of foot pressure (CFP), which bears a close relationship to the vertical projection of the body centre of gravity. The exact location of the CFP along the line is determined by the relative weight distribution between the feet. The present study was undertaken to delineate the characteristic foot pressure patterns associated with different levels of amputation and compare them with foot pressure patterns of a control population of similar age and sex free from locomotor disorders.
Methods
Measurements were carried out using the double video forceplate (DVF), an instrument that was developed at the University College London Bioengineering Centre (Lord and Smith, 1984) . The DVF consists of a low platform with separate force plates for each foot, a BBC microcomputer, a video display and a printer. The patients were asked to stand 'normally' on the foreceplates with hands by the side and facing forwards for 15 seconds without using any support after which a time-averaged display of foot loading was produced. The video monitor showed the foot outlines and the percentage of body weight borne on either foot. A (+) within each foot outine denoted the ICFPs and a (+) between the foot outlines the CFP. The screen display was printed out to form a permanent record.
Patients
One hundred consecutively attending patients were studied during their routine visits to the Artificial Limb and Appliance Centre. All patients were wearing their definitive prostheses. Only patients with temporary prostheses and those unable to stand unsupported for 15 seconds were excluded from the study. There were 80 male and 20 female amputees. The mean age of the population was 57 years, with an age range of 1&83 years. More than half the subjects were over the age of 60 years. Fifty-one patients had amputation of the right leg, 44 of the left leg and five both legs: There were 29 above-knee amputees, 56 belowknee amputees (including four bilateral), four through-knee amputees, four Gritti-Stokes amputees, three through-hip amputees and four Symes amputees (including one bilateral). In the above knee groups 10 patients wore endoskeletal limbs and 19 metal limbs. Types of socket, knee mechanism and prosthetic ankle are shown in Tables 1 and 2. Thirty-three unilateral below-knee amputees and three bilateral below-knee amputees wore patellar tendon bearing prostheses, whilst 19 unilateral below-knee amputees and one bilateral belowknee amputee wore metal limbs with a thigh corset. Three Gritti-Stokes patients and two through-knee amputees wore endoskeletal limbs and the others in these groups wore metal limbs. All three through-hip patients wore endoskeletal type tilting table prostheses. The Symes amputees wore end-bearing prostheses. 
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Controls
One hundred age and sex matched individuals free from any locomotor disability were selected randomly from members of staff, local clubs and community centres. None of the subjects used any walking aids. The mean age of the control subjects was 56 years. Twelve control subjects stated they were left handed and 88 that they were right handed.
Analysis
The position of the ICFP within each foot outline was expressed as a percentage of foot length and width ( Fig. 1 ). To make valid comparisons between individuals, data on the anteroposterior locations of the ICFPs were . expressed as a percentage of foot length anterior or posterior to the CFP. When the ICFP was anterior to the CFP it was arbitrarily assigned a positive value. A negative value denoted an ICFP posterior to the CFP. 
Results

Weight distribution between the feet
For control subjects the average foot loading on the left side was 49% body weight and on the right side 51% body weight. There was no difference in males a_nd females in this respect and no significant difference between right and left handed persons. The average difference in the percentage of body weight borne by the two feet was 7.5%f5.8% for the whole group. Females showed a greater range of variation in weight distribution between the feet with a mean difference of 10% of body weight compared with 7% of body weight for male subjects.
For amputee subjects the mean percentage of body weight transmitted through the prosthetic limb was 39.5% for above-knee amputees, 46% for below-knee amputees wearing limbs with thigh corsets, and 45% for PTB prosthesis wearers. Preliminary data on smaller groups of patients with other types of amputations show corresponding values of 40% of body weight for through-hip patients, 46% for through-knee or Gritti-Stokes and 51% for Symes amputees. Four double below-knee amputees bore an average of 43% of body weight on the left leg and 57% on the right leg, and one bilateral Symes amputee had 45% of body weight on the left foot and 55% on the right foot. The ranges of yeight distribution under the prosthetic foot are shown in Figure 2 and are compared with that under the left and right feet in normal subjects. For none of the amputee groups was any relationship found between prosthetic weightbearing and age, sex or time since amputation. Using the students' t-test there was a significant difference (p-d.01) in weight bearing between the above-knee group and the through-kneel Gritti-Stokes group. 
Foot pressure patterns
The mean foot pressure pattern for normal subjects is shown in Figure 3 and this tendency was more marked in female subjects. In 80% of subjects a difference in the antero-posterior locations of the ICFPs compared to the CFP was less than or equal to 5% of foot length. The number of left handed persons was too small to detect a significant effect of dominance although left handed subjects appeared more likely to have anterior left ICFPs than right handed persons (56% of subjects versus 33% of subjects respectively). In normal subjects the centres of foot pressure were centrally placed within the foot outline. The antero-posterior distributions of foot pressure placements in amputee subjects is shown in Figure 4 and the mean positions in possessed a stabilized knee had anterior placements of their prosthetic ICFPs. There was no obvious difference in foot pressure patterns between those who walked with free or rigid knee. On average patients with quadrilateral or H sockets produced prosthetic ICFPs that were markedly posterior to the CFP (-12% and -12.4% of foot length respectively). Patients with conventional sockets and total surface bearing suction sockets had an average prosthetic ICFP only slightly posterior to the CFP (-3% and -2% of foot length respectively). Three of the five patients with TSB suction sockets also had stabilized knees. Patients were not formally examined for hip flexion deformities since they were attending a busy outpatient department. However two patients recently recorded as having flexion deformities of 15" had posteriorly placed prosthetic ICFPs whilst one patient with a 5" hip flexion deformity had an anteriorly placed prosthetic ICFP. Of four further patients who were said not to have hip flexion deformities, three had posteriorly placed and one an anteriorly placed ICFP. The lateral placement of the ICFP within the foot outline differs between those above-knee amputees who carried their weight predominantly on the anterior part of the foot and those who carried their weight predominantly on the posterior part of the foot. The anteriorly placed prosthetic ICFPs tended to be central within the foot outline and the ICFP on the normal side was then shifted laterally ( Fig. 5 ). When the prosthetic ICFP was posterior it tended to be laterally placed within the foot outline and the corresponding ICFP on the normal side was centrally placed (Fig. 5) .
In below-knee amputees wearing PTB limbs the prosthetic ICFP was anterior to the CFP (24 patients) or only slightly posterior (nine patients). The prosthetic ICFP is also more medial within the foot outline than the average position for normal controls (Fig. 5) . The foot pressure pattern in below-knee amputees wearing limbs with. thigh corsets was more variable. Prosthetic ICFPs were anterior to the CFP in 12 patients, posterior in six and neutral in one. Compared to normal controls the ICFP of the unaffected foot was rather laterally placed within the foot outline (Fig. 5 ). The type of prosthetic ankle joint did not appear to have an influence on the foot loading pattern. The only consistent abnormality for double below-knee amputees was that all four patients tended to lean forward with a mean CFP of 49% of foot length.
The foot pressure patterns of through-knee and Gritti-Stokes amputees resembled those of the majority of above-knee amputees with six prosthetic ICFPs that were posterior to the CFP, one neutral and one anterior. The prosthetic ICFP tended to be shifted laterally and posteriorly within the foot outline (Fig. 5) .
Two of the three through-hip amputees had prosthetic ICFPs that were markedly anterior to the CFP while in the other patient the prosthetic ICFP was markedly posterior.
Each of the three unilateral Symes amputees had prosthetic ICFPs that were shifted slightly posteriorly and laterally compared with normal controls.
Discussion
This study has indicated the limb loading characteristics of normal subjects and provided the preliminary data on the abnormalities shown by amputees.
For normal controls the variability in weight distribution between the feet is very similar to that described by Murray and Peterson (1973) . The average difference in the percentage of body weight borne by the feet was 7% for men which compares well with Murray's figure of 7.3% for her groups of 21 younger men. It is of interest that women show a greater variability in weight bearing between the feet with an average difference of 10% of body weight. Foot loading was assessed in this study in a clinical setting with a rapid 15 second analysis on the DVF. In the study of Murray and Peterson (1973) subjects underwent a more complicated testing procedure of four separate one minute assessments on a forceplate, with analysis being limited to the last 15 seconds of each test period. The fact that the results of this study compare well with those obtained under more rigorous laboratory conditions tends to confirm the usefulness of the DVF as a clinical tool. Murray and Peterson (1973) also noted no significant differences in the distribution of weights for tests repeated on the same day or on consecutive days. Lord and Smith (1984) have shown that repeated testing of 14 healthy subjects on the DVF produced measurements that vaned less than 7%. The authors' repeat tests on a few normal subjects and amputees showed similar reproducibility. Some reduction in weight bearing on the prosthetic side is to be expected since the weight of the prosthesis is lower than the weight of the amputated limb. Using anthropomorphic data Arsenault and Valiquette (1981) were able to calculate the likely weights of the amputated limbs in ten above-knee and ten below-knee amputees. Using their data, the theoretical foot pressure under the prosthesis during symmetrical standing should amount to 48% of body weight for above-knee amputees and 49% for below-knee amputees. These values would be approximately 1% body weight lower for patients wearing the lighter type of prostheses. A similar calculation reveals a value of between 44% and 46% of body weight for the."ideal" prosthetic foot pressure of a through-hip amputee wearing a light endoskeletal prosthesis. It is clear from this study that the majority of amputees. particularly those with above-knee prostheses do not achieve ideal weight bearing. Lack of confidence in the limb, poor balance and discomfort in the stump might well lead to reduced weight bearing on the prosthetic side. It has been noted that weight bearing by belowknee amputees on the prosthetic limb increases from 20% of body weight to 50% of body weight during walking training (Stolov et al, 1971 ). It appears from analysis of the data that age, sex and time since amputation did not influence the percentage of weight camed on the prosthetic limb. None of the patients had had their amputation less than six months before this study and only 9% had their amputations less than one year before the study. It seems likely that weight bearing on the prosthetic limb does not change significantly after the first six months although a prospective study would be needed to confirm this. The average weight bearing by patients with Gritti-Stokes or through-knee amputations was significantly higher than that of above-knee amputees and this is probably accounted for by the partial end-bearing capabilities of these longer stumps.
One of the mosi immediately apparent features of the foot pressure patterns is the antero-posterior distribution of the ICFPs with respect to each other and with respect to the resultant CFP. Figures 4 and 5 show the considerable overlap of the anterior-posterior distribution of foot pressures between amputees and normal subjects. Only 30% of above-knee amputee patients, 5% of below-knee, 25% of through-knee or Gritti-Stokes and all the through-hip amputations could be recognised as definitely abnormal on the basis of their foot pressure patterns alone. The above-knee amputees appeared to fall into two groupsthose with prosthetic ICFPs which were anterior to the CFP (25% of patients) and those whose prosthetic ICFPs were posterior to the CFP (75% of patients). Anteriorly placed ICFPs representing the ground reaction force predominantly under the front of the foot tended to be associated with stabilized knee joints and total surface bearing or conventional sockets. Quadrilateral and H sockets were more often associated with markedly posterior prosthetic ICFF's. All above-knee prostheses are ischially seated although this may be relatively less important in patients with total surface bearing or conventional sockets. The presence or absence of flexion deformities at the hip did not appear to influence the foot pressure pattern, although this was not formally studied. It seems likely that many above-knee amputees would have at least minor degrees of hip flexion deformity, although this may well be compensated for by the socket alignment and thus not be obvious in the foot pressure pattern.
The type of knee joint may have a major influence on the foot pressure pattern. All patients in this study with stabilized knees had anteriorly placed foot pressures on their prosthetic side reflecting the fact that these types of knee joints are aligned in several degrees of flexion. It was a little surprising that patients who walked with a free knee did not have more anteriorly placed foot pressures than those patients who walked with rigid knees in view of the necessity for maintaining a load-line anterior to the prosthetic knee to achieve stability during standing. It is likely however that the degree of plantar flexion of the prosthetic foot is important and it is possible that a relatively large degree of plantar flexion was responsible for some of the anterior foot pressures in both free and rigid knee walkers.
Below-knee amputees wearing PTB sockets has prosthetic ICFPs that were anterior or only slightly posterior to the CFP reflecting the anterior placement of load at the knee and the setting of the PTB socket in flexion. The distribution of foot pressures in patients wearing limbs with thigh corsets was more variable with a significant proportion of posteriorly placed ICFPs. This is probably because this type of prosthesis allows full extension of the knee in the stance phase.
The pattern of foot pressures for throughknee and Gritti-Stokes amputees resembled that of above-knee amputees with predominantly posterior ICFPs on the prosthetic side reflecting the ischial seating of the limbs. All patients with the Syrnes prosthesis had the expected posteriorly placed ICFPs on the prosthetic side.
. The divergent foot pressure patterns produced by three patients with hip disarticulation prostheses cannot be accurately interpreted, although it is likely that the alignment of the prosthetic limb has a major influence on the prosthetic ICFP position.
The authors feel that rapid analysis of weight distribution between the feet and foot pressure patterns using the DVF may be useful in the clinical situation. Preliminary observations concerning the influence of socket type, knee mechanism and type of prosthetic ankle joint on foot pressure patterns need to be confirmed by a larger study. Having identified the average patterns for different levels of amputation and different types of prosthesis such measurements may help in the analysis of alignment problems and allow rapid documentation of the effects of alteration or adjustments to the limbs. It appears that the lateral placement of the ICFP within the foot outline is a particularly sensitive indicator of malalignment.
During walking training in the early postoperative phase, serial assessment of the amputees' foot pressure patterns can provide an objective measure of improvement and may well act as a source of encouragement for the patient (unpublished data).
The DVF is also a live interactive device and the patient can monitor his weight bearing and foot pressure patterns by watching the screen. This form of external proprioception or biofeedback may be used by patient and therapist during rehabilitation to enable the patient to achieve symmetrical standing and increase confidence in putting weight through the prosthetic limb in a controlled fashion.
The DVF may also have a role in the clinical teaching of doctors, therapists and prosthetists enabling them to gain an understanding of prosthetic design, alignment and fitting by visualisation of the ground reaction force.
